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ABSTRACT
Alpha is a 1U CubeSat developed at Cornell University that deploys a ChipSat-equipped free-flying light
sail into LEO. While the payload is rather unique, the spacecraft that deploys it is designed to be adaptable
and scalable to future student-led missions. Technology demonstrations include a 3D-printed chassis, entirely
commercial off-the-shelf (COTS) electronics, an Iridium modem that bypasses the need for ground-station
hardware, and magnetorquer-only spin-stabilization and pointing. This paper details the driving factors
behind Alpha’s novel architecture with a focus on the affordable methods developed for design verification
and optimization. Drawing inspiration from the maker community, the lab acquired a suite of tools that
dramatically increased in-house integration and test capabilities. Lessons are shared from training multiple
generations of students on these tools, along with the best-practices developed for student assembly of flight
hardware.
MOTIVATION

come with a fair number of trade-offs, namely reductions in capability and robustness of the design,
as well as quality assurance of the assembled unit.
For example, many spacecraft achieve mission goals
without attitude control and propulsion. Furthermore, CubeSats can often get by with COTS components that are not radiation-hardened due to the
short duration of their missions. Reliability of the
spacecraft hardware, however, is severely reduced.
An assurance comes with spending thousands of dollars on components from commercial CubeSat vendors, one that is challenging to achieve with DIY designs. Finally, instead of contracting out assembly
work to professional turnkey PCB services, studentled teams can opt for soldering in-house, which introduces a new set of risks with reliability of the
assembled unit.

CubeSats have played a monumental role in
increasing access to space. Over 1800 CubeSats
launched as of June 2022, approximately 40% of
which are educational missions from schools and universities.1 While the nanosatellite revolution certainly makes space more accessible than decades
prior, there is still a nontrivial barrier to entry for
schools looking to start CubeSat programs. Even
with launch costs covered through programs such as
NASA CSLI and UNOOSA KiboCUBE, a 1U CubeSat still costs tens of thousands of dollars in just
parts and equipment alone.2 Educational CubeSats
for university and high school programs are often on
the lower end of this range. Some sub-$1,000 CubeSat designs have even been proposed,3 but the total
cost to develop and prototype such designs is likely
significantly higher.

These choices, while cost-effective, have a detrimental impact on success rate. It is estimated that
approximately 20% of CubeSats are dead on arrival

These affordable CubeSat architectures tend to
Umansky-Castro

1

36th Annual Small Satellite Conference

to orbit.4 Close to 40% face partial or latent failures.5 In spite of these odds, mission assurance
can still be achieved through rigorous testing of this
custom designed and assembled hardware. To mitigate the chance of failure, testing should emulate the
space environment and reflect mission operations as
closely as possible. The more thorough the testing,
the more likely a CubeSat is to succeed. University labs and even more so high school and middle
school CubeSat programs, however, are limited in
testing equipment and expertise. Professional testing services might exceed the scope of educational
CubeSat program budgets. Cost-effective in-house
testing may be less comprehensive as a result: Attitude control algorithms may be tested only in simulation, but not with hardware; solar panels might
be verified through only voltage checks, rather than
current, due to the inability to properly illuminate
the entire panel; thermal or vacuum testing may be
performed, but not to the temperature and pressure
extremes experienced in orbit.
The development of affordable CubeSat architectures should not be limited to a spacecraft bill of
materials. The keys to lowering the barrier to entry
for educational CubeSat programs are the testing
equipment and methodologies that properly verify
both design and assembly. Through a case-study of
the Alpha CubeSat, a university CubeSat mission
with strong mentorship from the maker community,
this paper shares innovative design, assembly, and
testing approaches used to produce a fully-functional
and cost-effective 1U CubeSat. The equipment introduced in this paper is well-suited for the budget of
an educational CubeSat program. When combined
with the presented methodologies for CubeSat integration and test (I&T) and best-practices for training, these tools have the ability to drastically augment student-lab capabilities.

CubeSat and light sail.

Figure 1: Artistic Representation of the Alpha Mission [Image Courtesy of Stephanie
Young]
While the light sail payload is rather unique, the
spacecraft that deploys it is designed to be adaptable
and scalable to future student-led missions. The Alpha CubeSat demonstrates the following technology
demonstrations geared towards increasing the capability, responsiveness, and affordability of traditional
nanosatellite system architectures:6
1) 3D-printing: the chassis is entirely 3D-printed,
facilitating rapid and low-cost prototyping.
2) COTS electronics: all electronic components are
either assembled in-house or from maker-oriented
suppliers such as SparkFun and Adafruit.
3) Magnetorquer-only control: a novel attitude control system (ACS) exclusively uses magnetorquers to detumble, spin-stabilize, and point the
spacecraft.
4) RockBLOCK radio: two-way communication is
achieved through the Iridium constellation and
ground network, providing multi-point access to
the CubeSat.

INTRODUCTION

This paper discusses the design choices behind
Alpha’s versatile 1U structure and 0.5U electronics
compartment, with an emphasis on the innovative
testing approaches that verified and optimized these
subsystem designs. The testing techniques developed for Alpha are applicable to a wide range of
CubeSats. The rigs are well within the budget of
a university CubeSat program, with procedures and
results thoroughly documented to inform future students. Specifically, this paper takes an in-depth look
at the following subsystem tests:

Cornell University is soon to launch Alpha, a 1U
CubeSat mission that seeks to deploy a retroreflective light sail into low Earth orbit.6 It is designed,
assembled, and tested by students of the Space Systems Design Studio (SSDS), with a launch planned
for early 2023. In contrast to previous light sail missions, the Alpha sail is free-flying and significantly
smaller. It fully separates from the spacecraft that
deploys it by carrying ChipSats (gram-scale satelliteon-a-chip technology) for data collection, processing,
and downlink.7 These lightweight flight computers
enable accelerations on par with larger sails. Mission concept art shown in Figure 1 demonstrates the
Umansky-Castro

1) Optimizing solar panel design through a low-cost
solar simulator comprised of halogen and LED
lamps.
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2) Verifying circuit functionality through nonpermanent ”FlatSat” prototypes.

overview of each of Alpha’s subsystems, with an emphasis on how the CubeSat design is well suited for
adaptation into future missions.

3) Modifying circuitry and software to optimize
power budget by simulating in-orbit charge cycling.
4) Communications testing through antenna pointing/spinning tests, and high-altitude balloon
(HAB) launches.
5) Air-bearing apparatus made from 3D-printed and
affordable COTS components to verify the performance of ACS hardware and algorithms.
6) Extensive magnetometer calibration to incorporate a low-cost inertial measurement unit (IMU)
as the sole input for Alpha’s spin-stabilization algorithm.

Figure 2: Light Sail Compartment of the Alpha CubeSat

7) Standardized practices for software development
with multiple levels of verification and hardwarein-the-loop (HITL) testing.
Finally, this paper shares how the lab dramatically increased in-house assembly capabilities in response to budget constraints, as well as the bestpractices developed for student assembly of flight
hardware. Drawing inspiration from the maker community, the lab acquired a suite of tools that enabled
surface-mount device (SMD) soldering, conformal
coating, and safe assembly of Alpha’s fragile Gallium
arsenide (GaAs) solar cells. Details are provided on
the equipment selected, as well as the lessons learned
from training multiple generations of students who
built the satellite using these tools. Lessons are
also shared regarding the successful assembly of the
CubeSat Flight Unit, and how the Alpha team navigated trade-offs between professional-level results
from senior members and hands-on learning opportunities for newer students.

3D-Printed Structure
While a number of CubeSats in recent years have
begun to incorporate 3D-printed parts,8 Alpha is
among the first to feature an entirely 3D-printed
chassis. The only exception are four aluminum
bars at the edges that interface with the CubeSat
deployer. A launch provider requirement necessitates that this remain hard-anodized Al6061 T6 with
0.5mm corner rounding.9 3D-printing enables rapid
prototyping during the mechanical-design phase, significantly cutting down development time. Six iterations of the Alpha structure and deployment mechanism, displayed in Figure 3, were designed, fabricated, and tested within a month. Additive manufacturing also allows for custom slots and compartments to be built into a single piece of material. Individual compartments are easily designed to house
COTS components such as the CubeSat batteries
and sensors. Including such internal compartments
in an aluminum chassis would either necessitate a
multi-part assembly, or significantly increase machining time and/or cost. As for peripherals such
as solar panels, they are typically mounted to the
CubeSat through press-fit nuts in aluminum sheets,
or threaded holes in thicker portions of an aluminum
chassis. Instead, the panels on Alpha are mounted
to 4-40 hex nuts embedded in small slots in the 3Dprinted design.

CUBESAT DESIGN OVERVIEW
Nearly 50% of Alpha’s 1U volume is dedicated to
a compartment, displayed in Figure 2, housing the
light sail in a stowed configuration. This leaves 0.5U
for all essential functionality one would expect from
a CubeSat: power, basic spacecraft health monitoring, communications, and attitude control. To meet
these requirements, SSDS students designed a new
CubeSat architecture from the ground up. The minimal volume of Alpha’s base design facilitates integration with a variety of payloads or additional
subsystems, such as propulsion, that a larger CubeSat could accommodate. This section provides an
Umansky-Castro

3

36th Annual Small Satellite Conference

example code for each component, aiding greatly in
student-led design and prototyping of CubeSat circuitry. Figure 5 displays the array of COTS electronics on Alpha.
The circuit centers around a Teensy 3.5 microcontroller,13 which is connected to a small number
of sensors to monitor spacecraft health and payload
deployment. Each of these breakout boards are soldered directly onto the PCBs. Two Molex connectors at the top of the PCB stack connect to peripherals on the walls of the chassis and inside the payload
compartment. Due to volume constraints, redundancy in the form of duplicate components, such as
flight computers, are also absent from the design.
The justification for these choices is mission duration. While costly space-rated hardware is important for long-duration SmallSat missions, Alpha’s
concept of operations (ConOps) takes place over the
course of weeks. To provide some protection against
thermal extremes, vacuum, and potential dislodged
debris during launch, all circuit boards, including
solar panels, are conformal coated with Arathane
5750.14

Figure 3: Iterations of the 3D-Printed Alpha
CubeSat Chassis
The material selected for the finalized design is
Accura® BluestoneTM , a high-stiffness nanocomposite that is well suited for the space environment.6
BluestoneTM , printed by Quickparts, has been used
in high-strength applications, such as CubeSat propellant tanks,10 demonstrates impressive thermal robustness (in temperatures as high as to 250° C),11
and exhibits extremely low outgassing.12 Under
compression testing at Cornell University, rectangular samples of the material withstand at least 2000
lbf of axial force, far exceeding the anticipated loads
during launch. The Alpha chassis and deployment
mechanism behave nominally in vacuum with pressures as low as 31 mTorr, with temperatures ranging
from −15° C to 50° C. The BluestoneTM material
performs as expected without any issues and with
no observed deformities.

Figure 5:
nents
Figure 4: Alpha CubeSat Chassis 3D-Printed
with Accura® BluestoneTM

Solar panels are assembled with TrisolX Solar
Wings,15 triple-junction GaAs cells with a 28% efficiency. These ’wings’ are the curved edges leftover
from larger spacecraft solar cells by AZUR SPACE
that are cut from circular wafers. They are repackaged and sold in development kits that have been
adopted by a number of university CubeSat, PocketCube, and FemtoSat projects. The Alpha CubeSat uses 180 solar cells total across six solar panels. These panels remain fixed to the sides of the
CubeSat, as shown in Figure 6, in order to reduce
mechanical complexity. While the ability to direct
multiple panels towards the sun is certainly beneficial, the worst-case scenario of the weakest solar
panel remaining oriented to the sun still provides a
safe power margin for the CubeSat circuitry. A solar
LiPo charger from Adafruit delivers power to both

COTS Electrical Hardware
Alpha’s 0.5U electronics compartment houses
two 2000mAh lithium polymer (LiPo) batteries and
a stack of two printed circuit boards (PCBs). To
maintain affordability and ease of use, the components selected are not radiation hardened, and
are instead sourced from maker-oriented suppliers
(primarily SparkFun and Adafruit). These vendors
package various integrated-circuit (IC) chips in the
form of ’breakout boards,’ small PCBs that configure the ICs for plug-and-play integration with
Arduinos and similar microcontroller development
boards. Their websites provide wiring guides and
Umansky-Castro
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the batteries and CubeSat load simultaneously.16
Through this device the CubeSat can also be powered and charged during ground testing via 5V USBC.

Figure 6:
Panel

plug-and-play integration with microcontroller development boards.18 The RockBLOCK, shown in
Figure 7, includes a built-in ceramic patch antenna,
but an external antenna can also be connected.
A particularly advantageous feature of the RockBLOCK is its web portal and accompanying API.
The portal allows users to send and receive data
packets in text or hex format, and the RockBLOCK
API makes it simple to retrieve this data.17 Students can therefore focus on data analysis of packets
rather than the actual mechanics of sending and receiving them. A custom Alpha ground station stores
data pulled from the RockBLOCK portal in Elasticsearch and processes and displays this data in a
Kibana dashboard (Figure 8).

Fully-Assembled CubeSat Solar

Iridium Modem Communications
Figure 8: Alpha Ground Station Dashboard
in Kibana
Although originally designed for ground-based
use, Iridium transceivers have built up sufficient
flight heritage in recent years to demonstrate reliability in low Earth orbit.19–21 Of note is Cornell’s
Pathfinder for Autonomous Navigation mission that
launched in January 2022.22 Despite remaining in
a random tumble due to issues with the ACS software, the pair of CubeSats were still capable of frequent downlinks and uplinks. Such flight experiments indicate that high levels of responsiveness can
be achieved through Iridium modems, not only at
numerous points in a CubeSat’s orbit, but with minimum antenna pointing requirements as well.

Figure 7: RockBLOCK Mk2 Radio Featuring
an Iridium Modem17
A large portion of a CubeSat program budget
is traditionally dedicated to ground station equipment. The infrastructure needed for a ground station - antenna, antenna rotator, rotator controller,
amplifiers, transceivers, power supplies - is not only
expensive, but the effort only establishes a single
point of contact with the orbiting satellite. In contrast, the Alpha CubeSat communicates through a
satellite constellation to ground stations around the
world. Telemetry is simply accessed through a web
interface, or even email if desired. This capability
is achieved by employing an Iridium modem as Alpha’s sole onboard radio. Specifically, Alpha uses an
Iridium 9602 Short Data Burst (SBD) modem packaged in a breakout board, the RockBLOCK Mk2, for
Umansky-Castro

Magnetorquer-Only Attitude Control
After deployment from the ISS with a small initial tip-off rate, Alpha detumbles, spin-stabilizes,
and points with three magnetorquers as the sole actuators on board. Magnetorquers are selected over
alternatives, such as reaction wheels and cold-gas
thrusters, due to their low-cost and minimal volume.
The magnetorquers, shown in Figure 9, are made inhouse using enameled copper wire wrapped around a
Mu-metal core, which amplifies the magnetic dipole
generated by the copper coil. This torque-rod configuration is far more compact than air-core designs
5
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while achieving comparable performance, thanks to
the amplification factor from the ferromagnetic core.
Including embedded coils in CubeSat’s solar panels
is an even more space-saving approach, but the magnetic moment induced by these PCB traces would be
significantly weaker.

craft configurations are fully constructed. Thorough
testing methodologies spanning multiple stages of
the spacecraft design and assembly are essential to
ensuring an error-free final product. The following
sections introduce the affordable equipment and reliable methods used by SSDS students to successfully
design and verify the novel architecture of the Alpha
CubeSat.
Solar Simulator
To verify solar panel performance, and later aid
in HITL testing, an affordable solar simulator is developed from COTS hardware. The simulator consists of two 130W halogen lamps and a 10,000 Lumen
LED lamp. The halogen lamps are Philips H4 car
headlights that contain a tungsten filament. Combined, the lamps sufficiently match the solar spectrum to produce an equivalent solar power output
on a 1U panel. There is no mounting structure involved. The lamps are simply placed on a lab bench
and pointed at a solar panel or CubeSat, as demonstrated in Figure 10.

Figure 9: Winding of Magnetorquer Coils
(Left) and Completed Magnetorquers (Right)
An LSM9DS1 inertial measurement unit (IMU),
packaged into an Adafruit breakout board, serves as
the only input for the ACS. Magnetometer and gyroscope readings from this sensor enter a nonlinear detumble algorithm, based on virtual implementation
of a Kane Damper,23 to spin-stabilize the CubeSat.
When the desired angular rates are achieved, a PD
controller then aligns the spin axis with the Earth
magnetic field. This alignment ensures that the antenna points away from the ground (and towards
the Iridium satellites) for the majority of each orbit.
Due to the minimal pointing requirements set forth
by use of the Iridium modem, the ACS can safely
achieve its goals with COTS hardware and limited
filtering of sensor data.
CUBESAT TESTING

Figure 10: Manual Adjustment of Solar Simulator Lamps

When designing a CubeSat from the ground
up, a large portion of the testing phase must be
dedicated to verifying and optimizing the design
before even basic spacecraft functionality can be
achieved, let alone robustness against environmental
extremes. Design reviews by experienced CubeSat
engineers can certainly mitigate errors, and consequently money and hardware spent on faulty system
configurations. In most circumstances, however, not
all design issues will be caught at the review stage.
This is especially true in the context of studentled projects. The traditional design-review-buildtest sequence to larger spacecraft simply does not
carry over well to the educational CubeSat space.
Students will make mistakes. Design flaws will always creep up. The key to success, without breaking the bank on multiple revisions of CubeSats, is to
catch issues early, diagnose them quickly, and correct
them accordingly –ideally before permanent spaceUmansky-Castro

Two 10A DC power supplies feed 13V to each
halogen lamp. The LED lamp is powered via standard 110V AC. All lamps have only on/off settings.
There is no power throttling. Therefore, the only
variable to control is the distance the lamps are
placed from the solar panel. To determine the appropriate distance, a test panel is first assembled and
brought outside on a clear sunny day to measure
open-circuit voltage (VOC ) and short-circuit current
(ISC ) with a multimeter. The same panel is then
used in conjunction with the simulator. The position and orientation of each of the lamps are manually adjusted until ISC readings are roughly 136%
of the outdoor value, in order to account for the expected boost in solar output in LEO.
In addition to measuring the total output of solar panels, the simulator enables incremental verifi6
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cation of solar cells and strings of cells as each panel
is assembled. Students can therefore detect and address soldering issues or faulty cells as early as possible during spacecraft integration. Once all six solar
panels are fabricated, the full CubeSat can be placed
in front of the lamps at various orientations to observe solar power output during partial illumination
of multiple panels. Finally, the solar simulator can
combine with the CubeSat electronics for HITL testing. Arduino-controlled relays interrupt the power
lines of the three lamps, allowing them to be toggled
on and off to simulate orbits. During these extended
simulations, the heat from the halogen lamps causes
a noticeable drop in solar panel voltage, reflective
of what is expected in orbit. The simulator therefore facilitates the proper design of the solar panels,
along with durability testing of the assembled design
under high-temperature conditions.

source hobby electronics CAD software, to maximize
breadboard real estate and reduce wiring clutter.

Figure 11: FlatSat Design in Fritzing (Left)
and Breadboard Implementation (Right)
The breadboard FlatSat is an essential step for
identifying and correcting issues with the circuit design, especially niche issues that may only arise during testing. For example, when designing a simple
voltage divider to monitor battery voltage, the readings from the microcontroller analog to digital conversion (ADC) pin were significantly off from the
actual voltage. It was discovered that with the particular resistor values selected, the sampling rate was
too fast for the internal capacitor on the ADC pin to
fully charge. An additional capacitor was added to
the circuit design to correct the readings. A design
process limited to datasheet-level analysis is far less
likely to detect such issues.
Finally, this FlatSat can also be wired to the
solar simulator for full-system HITL software development, including power-budget optimization.
Thanks to the easy-access nature of the FlatSat, additional current sensors are added to various parts
of the CubeSat, such as solar input, CubeSat load,
and CubeSat batteries, to monitor power distribution and detect possible current leaks in the design.
For example, while cutting power to one of the
CubeSat sensors, it was detected the total current
consumption was still higher than normal. The issue
was quickly diagnosed as leakage through the device
UART pins, and the software was modified to pull
these pins low when powering off the sensor. Such
unexpected phenomena would have been extremely
difficult to diagnose on an assembled PCB.

FlatSat Prototyping
All components selected for the CubeSat are
geared towards plug-and-play integration. This ease
of use, however, does not mean that PCB assembly
can be the first implementation of the circuit design. The majority of the CubeSat circuit design, as
well as software development, should ideally be done
within a prototyping phase. Although not typical
for traditional spacecraft, the prototyping portion
of CubeSat projects is essential for successful design, yet it is often cut short or even skipped over
by student-led teams rushing to meet deadlines. A
high number of board revisions and wasted components results, significantly increasing development
costs and lengthening project timelines. Repeated
revisions have been especially detrimental since the
2020 global chip shortage,24 during which acquisition of spare components ranges from challenging to
impossible.
Breadboard FlatSat
To address these issues, the Alpha team follows a
development procedure involving two stages of FlatSats, open versions of the CubeSat circuitry laid out
in non-permanent configurations on the lab bench.
The first iteration of this circuit is a breadboard
FlatSat (Figure 11). The 0.1” pitch of the microcontroller and breakout board pins allows for easy integration via standard solderless breadboards. With
the microcontroller as the starting point, sensors and
actuators are integrated one at a time in order to
isolate issues and reduce debugging time. Once the
wiring of each component is tested and verified, a
full-system FlatSat is designed in Fritzing, an openUmansky-Castro

PCB FlatSat
Once all circuit functionality is verified, PCB designs are reviewed, both manually and through software, and sent for fabrication. Initial PCB revisions,
however, are rarely error-free, but common problems can certainly be mitigated. For example, CAD
models of the PCB layouts provide preliminary mechanical fit checks. Alternatively, the PCB layouts
can be printed on cardstock and assembled with real
components prior to ordering the designs. Once the
7
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building up to full CubeSat tests and mission operations rehearsals. First, static antenna pointing tests
assess RockBLOCK signal strength at various angles
relative to the horizon, as shown in Figure 13. Even
when pointed away from the sky, the RockBLOCK
still obtains high enough signal quality to complete
transmissions through the Iridium satellite constellation. Thus, in the event of failure with the ACS
pointing algorithm, the RockBLOCK demonstrates
the potential to still communicate with the ground
station.

boards are fabricated, a similar mechanical fit check
is conducted prior to soldering, and multimeter continuity checks verify that all electrical connections
are manufactured properly.

Figure 12: FlatSat Implementation on Prototype PCBs
These checks serve as a valuable acceptance test
for new circuit boards, but may not be comprehensive. To fully detect issues prior to soldering
an entire (and often costly) set of CubeSat components, a second FlatSat is made by populating
the PCBs in a non-permanent configuration (Figure 12). Rows of female header pins soldered onto
the boards enable temporary assembly of all components. Soldered jumper wires connect the PCBs
to each other, as opposed to the Molex connectors
used in the actual design. Small inexpensive components, such as SMD resistors and capacitors, are soldered directly onto the PCBs. For this PCB-FlatSat
phase of development, the boards are usually prototype PCBs ordered from inexpensive overseas fabrication houses such as JLCPCB. The PCB FlatSat
has proven essential for detecting issues with disconnected traces overlooked during continuity checks,
or more niche issues involving current limitations of
thin trace widths.
Upon successful verification of the PCBs, higherquality boards are ordered from US-based manufacturers, such as Advanced Circuits, OSHPark, or
Sierra circuits, to name a few. All components are
then soldered permanently onto the boards for assembly of the CubeSat Engineering Development
Unit (EDU). Following testing of the fully constructed EDU, the CubeSat Flight Unit can be safely
assembled.

Figure 13: Radio Testing with GroundPointing Antenna
Next, the inclusion of rotational motion partially simulates radio communications with a spinstabilized satellite. A simple CubeSat turntable, displayed in Figure 14, consists of laser cut acrylic and a
stepper motor. With the antenna pointing upwards,
the CubeSat spins at 15 RPM, a 50% margin over
the desired angular rate in orbit. Consistent transmissions are achieved with this rotation, confirming
an acceptable antenna placement onboard the spinstabilized CubeSat.

Radio Communications Testing

Figure 14: Spinning Platform for CubeSat
Antenna Testing

To verify the capabilities and pointing requirements of the Iridium modem, a series of radio
tests are performed, each with increasing complexity
Umansky-Castro
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ACS detumbling algorithm, a high altitude bal8
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loon (HAB) launch provides additional antennaorientation testing. The RockBLOCK antenna is
placed in a horizontal configuration within the balloon payload, which swings in a pendulous path at
approximately 12 RPM. Despite these non-ideal dynamic pointing conditions, steady communication
is maintained with the ground station. Figure 15
demonstrates the payload releasing a light sail near
apogee, a command triggered via uplink from Alpha’s mission control dashboard. HABs also serve
as an excellent range-testing platform for the ChipSat radios.

Figure 16: CubeSat Radio Testing with ESDSafe Backpack
Air-Bearing ACS Test-Bed
A physical attitude dynamics test-bed is essential for verifying the performance and proper integration of the ACS algorithms with the CubeSat
hardware and overall flight software. Simulations
run with physics packages on desktop computers or
with the CubeSat microcontroller in the loop are excellent first steps to verifying the capabilities of the
algorithms themselves. Once this is accomplished,
it is then critical to observe how the algorithms respond to inputs from real sensor data, as well as
to characterize the responsiveness and effectiveness
of commands sent to the actuators. Problems that
arose when testing the Alpha CubeSat ranged from
updated versions of sensor libraries outputting data
in different units, to the precise timing of the algorithm, and magnetometer interference from the actuators on board. These issues would likely not have
been caught from simulation alone.
The difficulty with testing attitude control lies in
recreating a near-zero gravity and frictionless environment. Air bearings have been a prominent solution since the beginnings of the space race, with
implementations ranging from multi-million dollar
facilities in military research labs to more simplistic tabletop setups in university labs.25 Traditional
air bearing test-beds are meticulously calibrated to
minimize torque, but tend to be limited in the rotational range that they offer.26 For example, “Tabletop” platforms balanced on top of a spherical air
bearing allow for full yaw rotation but limited pitch
and roll rotation. “Dumbell” configurations on the
other hand, enable both full yaw and roll rotations
but no pitch rotation.

Figure 15: Radio Test via High Altitude Balloon Launch
The physical testing of the CubeSat radio, however, is not the only important factor for communications. A large portion of the radio software is
tested in the lab environment thanks to a studentdesigned RockBLOCK simulator that bypasses the
need for line-of-sight to the Iridium satellites. The
simulator mimics how the RockBLOCK would respond via a serial connection, allowing software developers to simulate both uplinks and downlinks.
The use of this tool facilitates thorough testing of
the CubeSat flight software, while minimizing the
number of field experiments as well as the costs associated with physically transmitting over the Iridium
network.
Finally, end-to-end communications tests confirm that data packets can be successfully relayed
from the CubeSat to Alpha’s custom data analysis tools on the ground, and that uplinks from the
mission control dashboard are received and fully
processed on board the satellite. To accomplish
these tests for both the EDU and Flight CubeSats, an ESD-safe backpack, pictured in Figure 16,
safely transports the CubeSats outdoors. RockBLOCK transmissions on the 1621 MHz frequency
pass through the walls of the backpack without issue, allowing the CubeSat to be safely stowed for the
full duration of the test.
Umansky-Castro
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ble and point the CubeSat. Once base functionality
of the air-bearing rig is established, the full ACS
algorithms can safely be tested. For logging data
during the tests, a live serial monitor is not possible due to the interference of a USB cable. Other
CubeSats may be able to use their onboard radio
for this purpose, but due to the indoor limitations
of the Iridium modem, the Alpha CubeSat instead
logs all ACS test data to an onboard SD card.
Magnetometer Calibration
With an inexpensive IMU as the sole input to
Alpha’s ACS, careful calibration of this sensor is essential for proper execution of the spin and pointing
algorithms. One must account for magnetometer interference from the surrounding CubeSat electronics, including actuation of the magnetorquers themselves, as well as drifts in readings due to temperature. To mitigate magnetic field interference the
software disables all high-current devices, such as the
CubeSat radio, while the ACS is running. Magnetometer offsets from the remaining devices on board
the CubeSat are characterized through Motioncal,
an IMU calibration tool developed by Paul Stoffregen of PJRC.28 Rotating the fully assembled CubeSat produces a 3D visualization of the magnetometer
output, shown in Figure 19, which demonstrates full
spherical coverage. The algorithm dismisses outliers
and calculates the X, Y, and Z magnetometer offsets that can be easily incorporated into the flight
software.

Figure 17: Alpha CubeSat ACS Test Rig
The Alpha ACS test-bed achieves full three
degree-of-freedom (DOF) rotational motion using
inexpensive components accessible to small educational CubeSat programs. The air-bearing test rig,
pictured in Figure 17, draws from a design developed by researchers at Aalto University.27 It consists
of 3D-printed parts, PVC pipes and fittings, and a
handheld leaf blower. The 1U CubeSat is placed securely within a 3D-printed spherical housing, which
is in turn suspended in airflow from the leaf blower.
A butterfly valve appended to the PVC pipe cancels out any parasitic moments of inertia from the
satellite’s enclosure and error torques produced by
imperfections. Gravity torques are still present, so
precise placement of the CubeSat holder within the
sphere is key. 3D-printed teeters and spindles, displayed in Figure 18, ensure the CubeSat is statically
and dynamically balanced, respectively.

Figure 18: Static Balancing Stand (Left) and
Dynamic Balancing Stand (Right)
The trade-off on such an inexpensive design is
stronger error torques, but the effects can be mitigated by amplifying the spacecraft actuators. A
Helmholtz coil, assembled from 16 AWG magnet
wire, 3D-printed circular tracks, and an 80/20 Tslot aluminum frame, surrounds the air-bearing and
draws current from a DC bench-top power supply. The magnetorquers therefore interact with the
stronger artificial magnetic field generated by the
coil, overcoming smaller perturbing torques and airresistance. Calibration tests demonstrate that powering a single magnetorquer has the ability to detumUmansky-Castro

Figure 19: Magnetometer Calibration with
MotionCal Software
One of the common discrepancies between simulation and hardware implementation of active attitude control is timing requirements. Due to the high
frequency that the ACS algorithms must be executed
at, sensing and actuation occur concurrently. At a
given instant while the algorithm is running, any
10
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combination of the three magnetorquers can therefore be activated at various power levels, interfering
significantly with the magnetometer readings. To
address these disturbances, a comprehensive data set
is collected from the magnetometer while incrementing the output power of each of the three magnetorquers. Adjustments to power supply voltage additionally facilitate calibration of magnetorquer output with battery state of charge. The recorded offsets are curve-fitted for integration with the control
algorithms in the flight software.

as conducted in the spacecraft industry on significantly larger scales. On smaller student-led CubeSat projects, however, mission goals can evolve and
hardware and software are often designed on concurrent timelines, making software requirements less
clear and subject to change. To address these issues
on Alpha, mission leads stay in the loop throughout the software development process, and frequent
hardware testing is built into the verification process.

Figure 21: Team Review of Flight Software
Logic
Flight code verification for Alpha usually begins
with whiteboard diagrams of state machines. After
a specific problem is proposed, the team brainstorms
and presents a final diagram to mission leads for approval, as shown in Figure 21. Brainstorming is often helpful in producing documentation. Finalized
diagrams are created in diagrams.net and stored in
the README of the flight code repository. After
this initial planning, unit tests, executed through
PlatformIO, are written for chunks of code. As unit
tests need to be run solely on the flight computer,
software is written to emulate certain electrical components. The PinMode class, for example, stores the
state of each pin. This allows the unit test to know
whether a pin is HIGH or LOW even if a component
is not plugged in.
Once the software logic is verified, the next level
of software verification is HITL testing with individual components or the FlatSat. An example of this
is ensuring that the CubeSat autonomously moves
through certain modes of the mission. The CubeSat
should exit a detumble and spin mode once it has
stabilized (as determined by IMU measurements).
If battery voltage is too low, the CubeSat should
enter a low-power mode. These types of transitions
can be tested not only by simulating sensor data,
but by actually using batteries with low voltage levels. It is also crucial to ensure that if a component is completely or partially removed from the circuit, this registers as a fault. Following these con-

Figure 20: Temperature-Based Magnetometer Calibration
Finally, preliminary thermal-vacuum testing
demonstrated noticeable drifts in magnetometer
readings, driving the need for temperature calibration. For this calibration, the CubeSat is simply
placed in a cooler of dry ice (with the protection of
an ESD-safe bag) to reach temperatures as low as
−27° C, and then moved in front of the solar simulator lamps to reach temperatures as high as 58°
C. Figure 20 displays the raw magnetometer offsets
recorded during testing as well as the third-degree
polynomial fits employed for the temperature calibration.
Software Testing
Fully-functional hardware, while a significant accomplishment, can still be rendered useless by bugs
in the overall flight software. Common software
problems that arise on educational CubeSat teams
tend to be rooted in compartmentalization of project
knowledge or insufficient HITL testing. Software developers may lack some of mission-specific knowledge, such as LiPo battery current limits. Simultaneously actuating multiple devices may therefore
seem reasonable from a software perspective, when
in reality it is damaging to the hardware. The
best solution is of course clear lists of requirements,
Umansky-Castro
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quality results with learning opportunities for inexperienced team members.

firmation steps, the code is ready to be committed
to the GitHub repository. All code committed to
the GitHub repository must pass a GitHub pipeline
which confirms that the code compiles.

The CubeSat Assembly Toolkit
At the start of the Alpha project, the SSDS lab
soldering equipment was mostly limited to standard
irons for through-hole components, and population
of spacecraft PCBs was contracted out to professional assembly services. The results, while reliable
and of very high quality, come at a steep cost. The
financial impact of this workflow is especially detrimental when the assembled boards have to be revised and re-contracted out due to overlooked design
flaws. In an educational environment, the capability
for in-house prototyping is essential. Students learn
by doing, and they learn even more from making
mistakes. The key is to make these mistakes affordably and long before the flight hardware is permanently assembled.
With guidance from project mentors in the
maker community, the Alpha team acquired the following SMD soldering tools:

Figure 22: Day-in-the-Life Testing with FlatSat and Solar Simulator
Testing on hardware is also essential when designing the CubeSat power budget. For example, the
RockBLOCK consumes different amounts of power
in different states such as sleep, searching for signal,
and attempting to downlink. The worst case power
consumption of a failed RockBLOCK downlink is
measured with the FlatSat and a bench-top power
supply. HITL setups combined with the solar simulator also allow for full day-in-the-life testing. This
testing, shown in Figure 22, ensures that the CubeSat moves through mission modes while remaining
power-positive.
After all new features have been incrementally
added and tested to the flight code, the Alpha codebase is small enough that a full code review can take
place with mission leads. This review ensures that
the software team has fully understood and incorporated the needs of the Alpha mission.

1. T-926 reflow oven
2. Hot air rework station
3. SMD vacuum pump pick-up tool
4. Light-grip cutting mats
5. MECHANIC Sn63/Pb37 low-temp paste
6. Solder paste syringes & multiple-sized tips
7. USB digital microscope camera

LESSONS-LEARNED FROM STUDENTLED SPACECRAFT ASSEMBLY
With the CubeSat design finalized through the
accessible testing equipment and reliable verification
techniques outlined above, assembly of the spacecraft Flight Unit can safely commence. To accomplish this affordably, the lab acquired a suite of tools
that enabled in-house assembly by students. This
section outlines the equipment selected, along with
the lab’s experiences with training multiple generations of students on proper use and long-term care.
Lastly, best practices are shared for student-led assembly of the Flight Unit that balances professionalUmansky-Castro

Figure 23: Using the Bench-Top Reflow Oven
The bench-top reflow oven, pictured in Figure
23, has proven indispensable for safe assembly of
the CubeSat solar panels. Alternative approaches
through hot-air or soldering irons introduce a highly
concentrated heat source capable of causing microfractures within the solar cells. Instead, the oven
evenly heats the entire panel according to the temperature profile recommended for the solder paste
12
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in use. The GaAs cells used are also extremely thin
and fragile to handle. The vacuum pick-up tool,
with soft silicone tips on the suction pens, safely lifts
and places these cells onto the PCBs. The suctionpen tips can also withstand high temperatures, enabling easy adjusting or removal of components during SMD rework or desoldering jobs.

Figure 26: Small IC Components on a
Student-Soldered ChipSat
Figure 24: Applying Thin Lines of Solder
Paste with Syringes (Left) and Carefully
Placing Solar Cells with the SMD Vacuum
Pick-Up Tool (Right)

Once soldered and cleaned, all boards are conformal coated for protection against the space environment. This is accomplished with a simple set of tools
as well as personal protective equipment (PPE). The
conformal coating kit primarily consists of disposable mixing and pouring tins, a heat gun to attain
the correct consistency for pouring and spreading,
and Kapton tape and hot glue for dams and masking of electrical connectors, USB ports, and SD card
slots. Figure 27 shows students applying conformal
coating to solar panels while taking proper safety
precautions.

Figure 24 demonstrates how syringes are used
to apply solder paste to each of the pads on the
PCB. While manual syringes proved sufficient for
Alpha’s purposes, pneumatic solder paste dispensers
with foot-pedal actuation are an affordable option
for more precise control. For smaller IC chips, such
as those used on ChipSats, solder paste is applied
via a stainless steel PCB stencil. Figure 25 portrays
how light-grip mats securely mount the stencil to
the PCB without any slip during the solder paste
spread. The MECHANIC solder paste is specifically
selected for its long shelf life and ability to be stored
at room temperature. The low melting point allows
for easy reworking of SMD components, while still
maintaining a large margin over peak temperatures
expected in orbit. The USB microscope camera is
used throughout to verify successful solder paste application, precise component placement, and finally
the results of the fully assembled board, shown in
Figure 26.

Figure 27: Conformal Coating for CubeSat
Solar Panels
The tables in the Appendix provide cost summaries for all of the CubeSat I&T equipment described in this paper. Each of the items listed are
well within the budget of a university CubeSat program. Estimated total costs are also included for
prototyping the Alpha CubeSat design and for full
assembly of the CubeSat Flight Unit.

Figure 25: Spreading Solder Paste over Stencil for a Thin Kapton PCB with Alignment
Secured by Light-Grip Mat
Umansky-Castro

13

36th Annual Small Satellite Conference

Training the Next Generation

equipment. These evaluations serve as a final check
of all the training concepts introduced in the three
modules.
Since introducing the training program, the Alpha CubeSat flight experiment and the SSDS lab as
a whole have experienced less incidents with flight
hardware and a broader compliance with ESD and
contamination rules, with none reported for the
Spring 2022 semester.

While the tools and techniques presented have
proven extremely effective for the design and test of
the Alpha CubeSat, they can do little to guarantee the success of future CubeSats in the lab. Rapid
turnover quickly results in an entirely new set of students who are unfamiliar with prior testing methods and how to take care of the equipment. Frequent training of new members that fill newly vacant
project roles is a constant necessity that can often
detract from project progress.
To ensure the knowledge is passed down without
demanding repeatedly large amounts of time from
project leads, a partially automated lab training program is established. Extensive documentation in the
form of tutorial videos and written procedures are
created. Topics range from intricate assembly procedures for CubeSat components to proper use of
lab equipment. Specifically, new students must complete the following on-boarding modules:

Flight Unit Assembly
The primary purpose of the training mentioned
is preparation of new Alpha CubeSat members for
the rigors of the Flight Unit assembly. Unlike the
EDU CubeSat, Flight Unit assembly falls under
stricter rules due to the risk of ESD hazards for the
flight hardware. Even with proper training, a new
student being responsible for hardware sent to space
is a major risk. The practices outlined below describe the Alpha team’s experiences with providing
inexperienced members hands-on learning opportunities, while still maintaining careful control over
integration of the flight hardware.

1. The per-semester lab training that certifies
student understanding of the academic expectations of research work and overarching lab
policies with regards to electrostatic discharge
(ESD) hazards and contaminant/foreign object debris (FOD) mitigation.

Documentation
The documentation on the Flight Unit is far
stricter than that of the EDU. It includes traveller documentation that records every action performed on each hardware component, shift reports
that summarize work done on the CubeSat on a particular day, procedures that describe every assembly
step in detail, and test reports that fulfill the verification and validation of the spacecraft’s system and
subsystem requirements. Flight assembly documentation on Alpha CubeSat serves two purposes: to
provide a means of backtracking through past work
if an unexpected fault arises, and to provide an example for future SSDS CubeSat teams to model their
procedures off of. The best practices on Alpha CubeSat’s Flight Unit assembly can be traced to lessons
learned early in the assembly phase.
The CubeSat integration documentation itself
undergoes a rehearsal prior to Flight Unit assembly to ensure that the procedures are interpreted
correctly. Project leads draft the procedures which
are then certified by having junior members interpret the instructions and construct the EDU. Any
discrepancies between the procedure’s intent and
the assembler’s interpretations are clarified during
the EDU assembly phase. The final draft enhances
the written procedure by including multiple photos for each step of the spacecraft assembly, as well
as links to tutorial videos for particularly complex

2. A safety training required by Cornell that certifies student understanding of safety policies
when working with hazardous equipment or
materials.
3. Flight Unit assembly training that certifies
student understanding of the CubeSat systems and procedures specific to Flight assembly such as hardware traveler logs, assembly
procedures, assembly status reports, test reports, and cleanroom equipment.
All three training modules are delivered online
through recorded training lectures and a multiplechoice test that certifies knowledge of the training.
Virtual training is deemed preferable for flexibility
of schedule, efficiency of time spent on training, and
certification of knowledge.
Supervised hands-on training is of course essential for honing in skills and increasing student confidence when handling sensitive hardware. This is especially critical for assembly of the CubeSat Flight
Unit. To prepare for this phase, the Flight assembly
module includes an in-person component. It consists of soldering tests, an interview-format exam on
conceptual knowledge, a walk-through of the cleanroom procedures, and demonstrations of assembly
Umansky-Castro
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procedures or specialized equipment. The assembly documentation for the 1U CubeSat Flight Unit
totals approximately 400 pages spanning individual
component acceptance tests to final verification of
the completed spacecraft.

ment of the Flight Unit. The Alpha CubeSat is also
designed to be sufficiently accessible from the outside, even when the assembly is permanently sealed.
An access panel on the front solar panel permits code
edits and charging of batteries up until CubeSat delivery. Two copper pads also break out the reset
pin on the flight computer. In the event of an unexpected code failure, these pads can be easily shorted
to reset the microcontroller. Design considerations
such as these are critical to ensuring continued development of the CubeSat after vibration testing.

Best-Practices
While construction of the EDU gives newer students hands-on practice and familiarity with the
parts of the procedure, it was found that unsupervised assembly of flight hardware would often
yield either poor-quality results or long standstills in
progress until a project lead could come in to see the
particular issue that arose. Based on these preliminary experiences, the team has adjusted practices
to always work in pairings between a junior member
and a project lead. All work on the Flight CubeSat
is scheduled in 2-hour shifts throughout the week
according to the project leads’ availability.
Such practices not only mitigate mistakes, but
also help with the knowledge transfer process. The
buddy system ensures that there are at least two
participants in each assembly step that can catch
mistakes or detect faults with the CubeSat. For the
most part, junior members are given more handson opportunities than the experienced members.
Project leads are there to supervise, prevent issues,
and occasionally touch up soldering to reach acceptable standards. Complex assembly steps, such as
the conformal coating of the solar panels, include
a shadow session in which a new member observes
how experienced members conduct the more difficult
tasks.
Testing during Flight Unit integration happens
at all levels of the CubeSat. Component acceptance
tests verify that spacecraft end items perform acceptably before assembly. Tests on sub-assemblies
such as the PCB stack verify the functionality of the
Flight computer with its associated sensors. Eventually, the electronics stack is integrated with the
chassis for full-system tests such as triggering of deployment mechanisms and end-to-end radio communication. The multi-stage testing regime allows for
mistakes and system faults to be caught early in the
assembly sequence, which saves time and component
costs. It also provides a more comprehensive regime
for verifying and validating the spacecraft requirements.
Lastly, the CubeSat assembly sequence is designed so that it may be easily disassembled up to
the very end of integration and testing. This maintains accessibility to individual onboard components
in the event of an unexpected fault or failure, and
saves time and cost by not requiring total replaceUmansky-Castro

CONCLUSION
Successful CubeSat programs require a higher
level of rigor than the vast majority of curricular
projects a student traditionally faces. To produce
a product that works perfectly 100% of the time,
not to mention in extreme environments without
any means of human intervention, requires thorough
testing at every step of the design and build process.
An in-depth look at the Alpha CubeSat demonstrates that rigorous testing and professional-quality
assembly can be achieved with affordable equipment
accessible to most educational CubeSat programs.
The training methodologies presented ensure that
these equipment investments are long-term, and that
the collective knowledge that brought Alpha to the
launchpad can be passed onto future generations of
students.
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APPENDIX
Table 1: Alpha CubeSat I&T Equipment Costs
Item Description

Approximate Cost (USD)

BreadBoard FlatSat

$20 + CubeSat Electronic Components (reusable)

PCB FlatSat

$40 + CubeSat Electronic Components (reusable)

Solar Simulator

$100

Air-Bearing Test Rig

$200

Dry-Ice Thermal Testing

$40

ESD-Safe Backpack

$50

High Altitude Balloon Launch

$350 (single-use) + $200 (reusable tracking equipment) + Payload (cost varies)

Soldering Tools

$500

Mechanical Assembly Tools

$150

Conformal Coating Tools

$50

3D-Printer + Filament

$500

PPE

$500 (large quantities for single-use items)

Table 2: Alpha Prototype CubeSat Costs
Item Description

Approximate Cost (USD)

Electronic Components

$400

Magnetorquers

$50

Circuit Boards

$150

3D-Printed Chassis + Peripherals

$50

Misc. Mechanical Components (Screws, Springs, Stock Metal)

$100

CubeSat Rails (Aluminum Stock)

$15

Total

$765

Table 3: Alpha Flight Unit Costs
Item Description

Approximate Cost (USD)

Solar Cells

$750

Electronic Components

$400

Magnetorquers

$50

Circuit Boards

$500

3D-Printed Chassis + Peripherals (BluestoneTM )

$600

Misc. Mechanical Components (Screws, Springs, Stock Metal)

$100

CubeSat Rails (Aluminum Stock + Anodization)

$200

Conformal Coating (Arathane 5750)

$300

Total

$2900

Umansky-Castro
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